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We describe a measurement-and-feedback technique to deterministically prepare low-entropy
states of atomic spin ensembles. Using quantum non-demolition measurement and incoherent op-
tical feedback, we drive arbitrary states in the spin-orientation space toward the origin of the spin
space. We observe 12 dB of spin noise reduction, or a factor of 63 reduction in phase-space volume.
We find optimal feedback conditions and show that multi-stage feedback is advantageous. An input-
output calculation of quantum noise incorporating realistic quantum noise sources and experimental
limitations agrees well with the observations. The method may have application to generation of
exotic phases of ultracold gases, for example macroscopic singlet states and valence-bond solids.
Introduction — Cooling of many-body systems can pro-
duce new phases of matter and new collective behaviors,
e.g. superfluids [1, 2] and the fractional quantum Hall ef-
fect [3]. Traditional cooling couples the system to a low-
temperature reservoir, allowing energy to leave the sys-
tem and thus reducing its entropy (provided the temper-
ature is positive [4, 5]). The search for new many-body
phenomena is now actively pursued in synthetic many-
body systems composed of cold atoms, with either inter-
nal or external degrees of freedom [6]. Exotic phases such
as valence-bond-solids [7] can in principle be produced by
extreme cooling in tailored potentials, and valence-bond
resonance has been observed on a small scale [8]. Scal-
ing to larger systems places intense demands on cooling,
however. Evaporative cooling [9] followed by demagneti-
zation cooling [10] has reached a record 350 pK temper-
ature, but estimates of critical temperatures are lower
still [11]. Feedback cooling An alternative proposal for
producing large-scale many-body correlations employs
quantum non-demolition (QND) collective spin measure-
ments [12–14] to detect spatially-resolved spin correla-
tions [15], and sets them to desired values by feedback
to the collective spin [16]. A proposal to produce macro-
scopic singlet states [17, 18] employs the same strategy
without spatial resolution.
Here we experimentally demonstrate spin cooling by
QND measurement plus feedback, using an ensemble
of 87Rb held in an optical dipole trap and QND mea-
surements [12, 13, 19] by off-resonance Faraday rota-
tion probing. The technique is similar to feedback cool-
ing in trapped electrons [20], nano-mechanical resonators
[21, 22], single ions [23], and single atoms [24]. In an
adaptation of [17], we start from a high-entropy state,
i.e., occupying a large volume of collective spin Fˆ phase
space, and drive toward a low-entropy state, specifi-
cally toward the singlet state 〈Fˆ · Fˆ〉 = 0. We analyze
this quantum control problem [25] using input-output
relations and ensemble-based noise models [26, 27], to
identify an optimized two-round feedback protocol. We
demonstrate a spin noise reduction by 12 dB, or a reduc-
tion in phase-space volume by a factor of 63.
System — The experiment is shown schematically in Fig-
ure 1(a). Our atomic spin ensemble consists of NA ≈ 106
rubidium-87 atoms in the f = 1 ground hyperfine level,
held in an optical dipole trap elongated in the z direc-
tion. Interactions among the atoms due to collisions
and magnetic dipolar couplings are negligible at our den-
sity of ∼ 1011cm−3. We define the collective spin op-
erator Fˆ ≡ ∑i fˆ (i), where fˆ (i) is the spin of the i’th
atom. The collective spin obeys commutation relations
[Fˆx, Fˆy] = iFˆz (we take ~ = 1 throughout).
Probe pulses are described by the Stokes operator Sˆ
defined as Sˆi ≡ 12 (aˆ†+, aˆ†−)σi(aˆ+, aˆ−)T , where the σi are
the Pauli matrices and aˆ± are annihilation operators for
σ± polarization. As with Fˆ, the components of Sˆ obey
[Sˆx, Sˆy] = iSˆz and cyclic permutations. The input pulses
are fully Sˆx-polarized, i.e. with 〈Sˆx〉 = NL/2, 〈Sˆy〉 =
〈Sˆz〉 = 0 and ∆2Si = NL/2, i ∈ {x, y, z} where NL
is the number of photons in the pulse. While passing
through the ensemble, the probe pulses experience the
interaction hamiltonian Hˆeff = κ1τ
−1SˆzFˆz, where κ1 is a
coupling coefficient for vector light shifts [27, 28]. This
rotates the pulse by an angle φ = κ1Fˆz  1, so that
a measurement of Sˆ
(out)
y /Sˆ
(in)
x indicates Fˆz with a shot-
noise-limited sensitivity of ∆Fˆz = ∆Sˆy/κ1. Tensor light
shifts are negligible in this work.
Control strategy — Our aim is to reduce the state’s phase
space volume ∆2Fˆ ≡ 〈|Fˆ|2〉 − |〈Fˆ〉|2 using measurement
and feedback to sequentially set Fˆz, Fˆy and Fˆx to de-
sired values. This is possible using QND measurements
and non-destructive feedback, which we implement with
weak optical pumping. The spin uncertainty relations,
∆Fi∆Fj ≥ |〈Fk〉|/2 even allow ∆2Fˆ to approach zero
for the macroscopic singlet state [17]. Faraday rotation
gives high-sensitivity measurement of Fˆz. To access Fˆx
and Fˆy, we apply a static magnetic field of B ≈ 14 mG
along the [1, 1, 1] axis (Larmor period TL ' 120 µs) to
induce Fˆz → Fˆy → Fˆx precession, and probe at TL/3 in-
tervals. The optical pumping performs a controlled dis-
placement of the spin state (a rotation would leave |Fˆ|
unchanged) toward a desired value. For increased accu-
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FIG. 1. Experimental schematic, pulse sequence, and control
diagram for spin cooling by QND measurement + feedback.
(a) Experimental geometry. Near-resonant probe pulses pass
through a cold cloud of 87Rb atoms and experience a Fara-
day rotation by an angle proportional to the on-axis collec-
tive spin Fˆz. The pulses are initially polarized with maxi-
mal Stokes operator Sˆx. Rotation toward Sˆy is detected by
a balanced polarimeter consisting of a wave-plate (WP), po-
larizing beam-splitter (PBS), and photodiodes (PD1,2). A
field-programmable gate array (FPGA)-based controller in-
terprets the polarimeter signal and Reference (PD3) and pro-
duces optical feedback pulses via acousto-optic modulators
(AOM)s. Fˆ precesses about a magnetic field (B) along the
direction [1,1,1] making all components accessible to measure-
ment and feedback through stroboscopic probing. (b-c) Pulse
sequence: A first QND measurement measures the Fz an-
gular momentum component and the FPGA calculates the
Faraday rotation angle in ≈11 µs. The FPGA applies a con-
trol pulse, proportional to the Faraday rotation angle, to an
AOM to generate optical-pumping feedback. At the appro-
priate times in the Faraday rotation cycle, the same process
is applied to also to Fy and Fx. (d) evolution of the state
in Fˆ phase space as successive measurement, feedback and
precession steps transform the state.
racy, we repeat the three-axis measurement and feedback;
the deleterious effects of measurement back-action, opti-
cal pumping noise, and feedback errors diminish when
approaching Fˆ = 0. The experimental sequence is illus-
trated in Fig. 1(b).
QND Measurement — We measure the collective spin
component Fz by paramagnetic Faraday rotation prob-
ing with 1 µs long pulses of linearly polarized light with
on average NL = 5.4 × 107 photons per pulse at a de-
tuning of 700 MHz to the red of the f = 1 → f ′ = 0
transition. Measurements are made at TL/3 ' 40 µs in-
tervals, to access sequentially Fˆz, Fˆy and Fˆx. A balanced
polarimeter detects Sˆ
(out)
y while a reference detector be-
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FIG. 2. Input and output spin distributions. (a) Measured
input spin distribution (blue data) following the initialization
procedure described in the main text, and measured output
spin distribution (red data) following feedback with the op-
timum feedback gain setting. The gray sphere has a radius
of 6 × 104 spins. (b)–(d) Histograms of the measurements
of each of the three spin components before (blue) and after
(red) feedback. See text for details.
fore the atoms detects Sˆ
(in)
x . Both signals are collected by
a real–time FPGA–based controller, which computes the
measurement result F ≡ Sˆ(out)y /(κ1Sˆ(in)x ) and generates
timing signals to control the optical pumping feedback.
Optical pumping and feedback — The optical pumping is
performed in a nearly-linear regime, i.e. with few pho-
tons, such that only a small fraction of the atoms change
state. We use circularly polarized light 30 MHz red de-
tuned from the f = 1→ f ′ = 0 transition on the D2 line
with an intensity ∼ 7 W/m2, propagating along the trap
axis and chopped into ∼µs pulses by acousto-optic modu-
lators (AOMs). Two beams in opposite directions, allow
rapid switching between the two circular polarizations.
As with the QND measurement, Larmor precession al-
lows feedback to Fˆz, Fˆx and Fˆy by Fˆz pumping at differ-
ent points in the cycle. In the feedback step the AOMs
are gated by the FPGA after a latency of tlat = 11 µs
for computation. The FPGA determines the polariza-
tion and pulse duration tFB ∝ F , which in turn deter-
mines the displacement of Fˆ. Typical feedback pulses
are 1–2 µs, i.e., much shorter than the Larmor preces-
sion period, and much longer than the ∼ 100 ns rise time
of the AOMs. An independent AOM amplitude control
determines the overall gain of the feedback.
Initialization procedure — We first generate a fully mixed
f = 1 state as described in [12], then optically pump
Fˆz, Fˆy and Fˆx with 5 µs pulses. The mixed state has
zero mean and small variance var(Fi) =
1
3f(f + 1)NA,
and serves as a fiducial point. The amplitude and di-
3FIG. 3. Correlation between consecutive three–component
collective spin measurements. (a) Covariance matrix for
9 consecutive stroboscopic measurements with no feedback
showing strong correlations between all three measurements
of each spin component Fi (red and orange squares). (a) Co-
variance matrix for 9 consecutive stroboscopic measurements
with feedback after measurements 4–6 with the optimal gain
setting. The first two measurements of each spin component
Fi remain strongly correlated, but the correlation is removed
by the feedback and the third set of measurements is not cor-
related with the first two. Also apparent is the noise reduction
after feedback.
rection of the pulses are randomly chosen. The ampli-
tude A and polarization sign s of the pulses are ran-
domly chosen so that sA is zero-mean normally dis-
tributed. This generates a statistically-reproducible dis-
tribution of initial states with initial spin covariance ma-
trix ΓF ≡ 12 〈FiFj + FjFi〉 − 〈Fi〉〈Fj〉 of
ΓF =
 2.70 −0.03 −1.20−0.03 2.30 −0.65
−1.20 −0.65 2.20
× 108 spins2, (1)
i.e., with noises N
1/2
A  ∆Fi  NA ' 106.
Control and characterization sequence — For a given nor-
malized gain g ≡ G/G0, where G is the feedback gain
and G0 is the na¨ıve gain, i.e., optimal gain for the noise-
less case, we characterize the cooling process with the
sequence shown in Fig. 1(b): initial state preparation,
measurement without feedback, measurement with feed-
back, and measurement without feedback. We then re-
move the atoms from the trap and repeat the same se-
quence to record the measurement read–out noise. The
entire cycle is run 300 times to collect statistics.
In Fig. 2(a) we plot the input spin distribution (blue)
following our initialization procedure, and the output
spin distribution (red) after feedback with the optimum
feedback gain setting. The input state is distributed
around the origin, with a mean deviation of 2.4 × 104
spins, and a total variation of ∆2Fˆ = 6.7 × 108 spins2.
Histograms of the measurements are shown in Fig. 2(b)–
(d). After feedback (red data) the total variation of the
spin distribution is ∆2Fˆ = 9.7 × 107 spins2, an 8 dB
reduction in a single feedback step. The dispersion of
all three spin components is reduced by a factor of 3–5,
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FIG. 4. Spin cooling via optical feedback. Measured total
variation ∆2Fˆ following one (red triangles) and two (green
diamonds) feedback steps. We compare this to the theory
described in the text (red and green solid curves) fit to the
g ≥ −1.0 data as described in the text. Also shown is the
noise of the input spin state following the initialization proce-
dure described in the text (blue circles), with an average total
variation ∆2Fˆ = 6.7 × 108 spins2 (blue dashed line), and the
measurement read–out noise (black squares), with an average
total variation ∆2Fˆ = 7.0 × 106 spins2 (black dashed line).
Error bars represent ±1σ statistical errors.
and the average of each spin component remains centered
within one standard deviation of the origin.
Correlations analysis — Covariance matrices describing
all nine measurements, for gains g = −0.75 (optimal
case) and g = 0 (null case) are shown in Fig. 3. Three
features are noteworthy: 1) Both null and optimal cases
show strong correlations between the first and second
measurement groups, confirming the non-destructive na-
ture of the Faraday rotation measurement. 2) the cor-
relations of one component, e.g. Fˆy, persist even after
feedback to another component, e.g. Fˆz, indicating the
non-destructive nature of the optical feedback. 3) While
the control case shows some reduction of total variance
(due to spin relaxation), the feedback control is far more
effective.
Modeling — We use a multi-step input-output model of
the collective spin operators to describe the feedback
cooling process. During a step of length ∆t, an oper-
ator Oˆ experiences Oˆ(i+1) = Oˆ(i) − i∆t[Oˆ(i), Hˆ(i)eff ] + N ,
where superscripts (i),(i+1) indicate prior and posterior
values, respectively, and N is a noise operator. Starting
from atomic and optical inputs Fˆ(0), Sˆ(0), respectively, a
Faraday rotation measurement produces
Sˆ(1)y = Sˆ
(0)
y + κ1Sˆ
(in)
x Fˆ
(0)
z (2)
Fˆ(1) = (1− η)Fˆ(0) − iτ [Fˆ(0), Fˆz]Sˆ(0)z + Nˆ(S) (3)
with Sˆx, Sˆz changing negligibly. Measurement back-
action on the atoms −iτ [Fˆ(0), Fˆz]Sˆ(0)z is small provided
4|〈Fˆx〉|, |〈Fˆy〉|  NA. Nˆ(S) arises from the fraction η of
atoms that suffer spontaneous emission (see below). Dur-
ing latency, precession by an angle θ = 2pitlat/TL about
[1, 1, 1] causes coherent rotation RB(θ) and dephasing
due to field inhomogeneities [27, 29]:
Fˆ(2) = X(θ)Fˆ(1) + Nˆ(θ), (4)
X(θ) ≡ PB + exp[− θ
ωLT2
]RB(θ)(1− PB) (5)
where PB is a projector onto the [1, 1, 1] direction and
T2 is the transverse relaxation time. Longitudinal relax-
ation is negligible on the time-scale of the experiment.
Feedback modifies the collective spin as
Fˆ(3) = GfzSˆ
(2)
y + Fˆ
(2) + Nˆ(FB) (6)
where G is the feedback gain and fz is a unit vector in
the z direction. Precession by θ¯ = 2pi/3 − θ completes
the 1/3 Larmor rotation, giving
Fˆ(4) = X(θ¯)
[
Gfz(Sˆ
(0)
y + κ1SˆxFˆ
(0)
z ) +X(θ)Fˆ
(0)
+ Nˆ(FB) + Nˆ(θ) + Nˆ(S)
]
+ Nˆ(θ¯). (7)
for measurement+feedback for one component.
The vector feedback procedure is the composition of
three transformations as in Eq. (7). These correct se-
quentially for all three components of Fˆ, and introduce
a total of twelve noise terms analogous to Sˆ
(0)
y , Nˆ(FB),
Nˆ(θ) and Nˆ(θ¯), given in the Appendix.
Optimized multi-step cooling — We define the normal-
ized gain g ≡ G/|G0| where G0 ≡ −1/(κ1Sˆx) is the
na¨ıve gain, i.e., the optimal gain for zero noise, la-
tency, and dephasing. Minimizing ∆2Fˆ(4) requires −1 <
g < 0 because of competition between the GfzSˆ
(0)
y and
Gfzκ1SˆxFˆ
(0)
z −X(θ)Fˆ(0) contributions in Eq. (7). More-
over, the optimal g increases with increasing signal-to-
noise ratio ∆2Fˆ(0)/∆2Sˆ
(0)
y . This suggests a multi-round
feedback strategy employing successive three-axis feed-
back steps, with decreasing |g|, to approach the limiting
entropy set by ∆2Sˆ
(0)
y and ∆2Nˆ(S).
We demonstrate this optimized multi-step cooling with
results shown in Fig. 4. Again following the sequence of
Fig. 1, we initialize to give measured total spin variance
∆2Fˆ ≈ 6.7 × 108 spins2, shown as blue circles. In a first
experiment we apply a single round of three-axis mea-
surement+feedback, then measure the resulting state,
and compute total variance (red triangles). As expected,
an optimum is observed at g ' −0.75, with variance
9.7× 107 spins2 or 8 dB reduction in the spin noise. In a
second experiment we apply a first round with g = −0.75
followed by a second round with variable g, shown as
green diamonds. This gives a further 4 dB reduction, to
4.2×107 spins2. Model predictions, with κ1 = 1.7×10−7,
NA = 10
6, NL = 5.4×107, T2 = 1.3 ms from independent
measurements are are fit to the global data set to cali-
brate the optical pumping efficiency (effectively g), and
the initial noise ∆2Fˆ(0). Good agreement is observed ex-
cept for g ≤ −1.5, a region in which the strong feedback
is expected to invert and amplify the initial Fˆ.
Conclusion — Using Faraday-rotation quantum non-
demolition measurements and feedback by optical pump-
ing, we have reduced the spin variance of a laser-cooled
87Rb atomic ensemble. The total spin variance ∆2Fˆ is re-
duced by 12 dB, or a reduction in phase-space volume by
a factor of 63, using an optimized two-step procedure in-
formed by a realistic quantum control theory incorporat-
ing experimental imperfections. The procedure has po-
tential application to on-demand generation of quantum-
correlated states of ultra-cold atomic gases, for example
generation of macroscopic singlet states and arbitrary
quantum correlations in lattice-bound degenerate quan-
tum gases.
Appendix: noise terms — Readout noise is ∆2Sˆ
(0)
y =
NL/2, as above. Nˆ
(S) arises from spontaneous emission
events, which randomize the spins of a fraction ηS ≈
2κ21NANL/(3α0) of the atoms [26, 30], introducing a noise
∆2N
(S)
i = ∆
2f
(1)
i ηS(1− ηS)NA + ηSNAf(f + 1)/3 where
fˆ
(1)
i is the mean single-atom spin vector. For unpolarized
states ∆2N
(S)
i ≈ NAηS(2 − ηS)f(f + 1)/3. Similarly,
dephasing randomizes the transverse polarizations of a
fraction ηD ≡ 1 − exp[θ/(2piTL)] giving noise ∆2N (θ)i ≈
NAηD(2−ηD)f(f+1)/3. The optical pumping process is
stochastic but uncorrelated among the atoms, leading to
a multinomial distribution in the displacement Fˆ(FB) ≡
Fˆ(2) − Fˆ(1) and a noise Nˆ(FB) ∝ |〈Fˆ(FB)〉|1/2, which is
 |〈Fˆ(FB)〉| except if |〈Fˆ(FB)〉| ∼ 1. In this experiment
with large α0 and small NL, only Sˆ
(0)
y and Nˆ(S) make a
significant contribution.
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